The lack of power on large scales ( 40) might have been observed by the PLANCK satellite. We argue that this putative feature can be explained by a phase of fast roll at the onset of inflation. We show that in the context of single field models what is required is an asymmetric inflection point model of which fibre inflation is a string motivated example. We study the ability of fibre inflation to generate a suppression of the CMB 2-point function power at low , finding that the potential derived from string loops is not steep enough for this purpose. We introduce a steeper contribution to the potential, that dominates away from the inflationary region, and show that if properly tuned it can indeed lead to a spectrum with lack of power at large scales.
Cosmology has long been considered as speculative field. However, several waves of observational progress during the last two decades have required us to fundamentally change that view. At first, highly reliable and increasingly precise measurements of the Hubble Space Telescope (HST) yielded a determination of present-day Hubble parameter H 0 = 73.8 ± 2.4 km s −1 Mpc −1 [1, 2] . This milestone enabled the construction of an ultra deepspace distance ladder by type IA supernovae. Systematic observations of such type IA supernovae at high red-shift culminated in the detection of a form of dark energy consistent with extremely small (∼ 10 −122 M 4 P ) and positive cosmological constant, which drives a late-time accelerated expansion of our Universe [3, 4] .
In the next step, the space-based satellite missions WMAP [5] and PLANCK [6, 7] as well as the ground-based telescopes ACT [8] and SPT [9, 10] probed the cosmic microwave background (CMB) radiation with unprecedented precision and resolution. Their combined results together with the HST and type IA supernova data led to a concordance model of observational cosmology. In its 'essence' this new standard model is consistent with certain simple features of our observed Universe. We find ourselves to a good approximation (sub-%-level) a FLRW universe which is spatially flat and undergoes accelerated late-time expansion driven by dark energy. Moreover, the recent CMB missions provided measurements of the two-point function power-spectrum of the 10 −5 -level thermal fluctuations with unprecedented precision. These results now bear increasingly strong evidence that the very early Universe went through a much earlier and extremely rapid phase of accelerated expansion driven by the vacuum energy of a slowly-rolling scalar field, called inflation (see e.g. [11] for a recent review).
The recent high-precision data from PLANCK [6, 7] as well as the ground-based telescopes ACT [8] and SPT [9, 10] , and in particularly the strong limits on the presence of nonGaussianity in form of a non-vanishing three-point function from the PLANCK mission [12] , is consistent with a picture of simple slow-roll inflation driven by the scalar potential of a single canonically normalized scalar field. However, the PLANCK results (in continuation of similar features of the WMAP data [5] ) contain hints at the 2 − 3σ-level for certain deviations/anomalies at large wavelengths or low 40 when compared with a simple 'vanilla' universe created from standard slow-roll inflation. One of these possible deviations (and maybe the most persistent one over several different data sets of several CMB probes)
consists of lack of CMB two-point function power at low 40 compared to the concordance model [7, 13] .
One possible explanation for such a lack of power at low-can arise in open inflation [14, 15, 16] . Open inflation assumes a pre-inflationary phase consisting of a Coleman-de Luccia (CdL) tunneling transition [17, 18] with a possible subsequent phase of fast-rolling evolution of the inflaton scalar field prior to entering the slow-roll phase.
In this work we consider the simplest case capable of suppressing curvature perturbation power at large scales -a fast-roll phase of the inflaton scalar field prior to entering slow-roll [15, 16] . The curvature perturbation generated during a phase of quasi-de Sitter expansion behaves as
in slow-roll, and at CMB scales we have typically 60 O(0.01) generated by slow-roll in a flat region of the scalar potential with a value V 60 .
Hence, we can generate a loss of power at large scales by having a phase of moderately faster rolling with 60 < f ast 1 where still V V 60 . A detectable suppression of power at low-can arise in such a situation only if the total amount of e-folds of slow-roll inflation generated after the end of the fast-roll phase is limited to within 2 − 3 e-folds of the standard Otherwise the epoch of suppressed curvature perturbation generation redshifts far outside our presently visible horizon by having more then minimum 60 e-folds.
In summary, to achieve low-power suppression we need a scalar potential which just beyond the observable 60-efold field range changes to growing very quickly, within a field range corresponding to about 2 − 3 e-folds, while keeping V still almost unchanged in the inflationary region. which typically steepen the potential will arise generically due to dimension-six operators from radiative corrections or integrating out massive states, rendering inflation UV sensitive.
Therefore we argue that the hints for lack of power on large scales, if interpreted in the context of single field slow roll, can be attributed to high energy effects that are inherently hard to control within the effective field theory. Hence, candidate fundamental theories of quantum gravity such as string theory are a suitable place for discussing scalar potentials with the above general shape required for generating just 60 e-folds of slow-roll inflation with suppression of CMB power at low-from a prior fast-roll phase.
String theory lives ten space-time dimensions. To make contact with our four dimensional large-scale space-time, we need to compactify the six extra-dimensions on an undetectably small internal manifold. This process of compactification produces a huge set of possible suitable manifolds, each of which is accompanied by set of massless 4d scalar moduli fields describing the allowed deformation modes of each manifold. Major progress in recent years involved the construction of a whole 'landscape' [21, 22] of type II string flux compactifications (see e.g. [23, 24] for a review) with full moduli stabilization and positive vacuum energy necessary to make contact with cosmologically viable 4d space-time descriptions incorporating the observed late-time acceleration. Using this stage, a considerable body of recent work then realized models of string inflation driven by either a slow-roll flat region of the moduli scalar potential or higher-derivative kinetic terms originating on mobile Dbranes. These models of string inflation in type IIA/IIB string theory can be classified by utilizing either D-brane positions, volume or Kähler moduli, or axions arising from higherdimensional gauge-fields in string theory as inflaton scalar fields (see e.g. [25, 26, 27] for very recent reviews).
Here we will look more closely at the type IIB string model of fibre inflation [28] as a potential candidate realizing our above criterial for low-CMB power suppression from fastroll. This is due the fact, that fibre inflation by relying on the extended no-scale structure of the underlying Large Volume Scenario moduli stabilization [29, 30, 31] acquires its scalar potential due to the effects of perturbative string quantum corrections which necessarily drive a rather sudden steepening of the potential beyond the slow-roll plateau (see Fig. 1 for a sketch of the scalar potential from fibre inflation).
The paper is organized as follows. We motivate the study of asymmetric inflection points, of which fibre inflation is one example, for large scale power suppression in section 2. In section 3 we shortly review fibre inflation in Large Volume type IIB flux compactifications of type IIB string theory. We then analyze in section 4 the fast-roll regime of steepening of the scalar potential provided by the string loop corrections. We find the steepening to be insufficient to generate a detectable suppression of CMB power at low-during the first e-fold of the observable 60 e-folds of slow-roll inflation. We then proceed to show in section 5
that increasing the power of the τ 1 (fibre modulus) dependence of the positively contributing string loop correction can lead to the desired effect. This provides motivation for future work searching for string setups providing the required structure of the string loop corrections in fibre inflation. We finally discuss our results in section 6
2 Inflection point inflation and large scale power suppression
In this section we discuss why in order to have power suppression at low-one needs to have asymmetric inflection point.
In inflationary models built around approximately symmetric inflection points of the form
the spectral index can be written as a function of the number of efolds N e and the total number of efolds in the inflationary region N tot as
to first approximation. In the context of string inflation such potentials can arise from D3 brane inflation.
Current data points us towards a red power spectrum with n s − 1 ∼ −0.04, which assuming the reheating physics is such that one needs N e ∼ 60 implies that the plateau around the inflection point must support around N tot ∼ 172. The upshot of this is that there is too much expansion before the horizon exit of the CMB scales takes place. Therefore, in a generic small-field cubic symmetric inflection point situation, any non-slow roll dynamics that could lead to a power suppression at low multipoles will only affect scales that have long left the horizon and are therefore unobservable in the CMB spectrum.
We therefore argue that since symmetric inflection points give rise to too much expansion, what is required is a asymmetric potential, that gets steep very close to the inflection point.
In the space of string inflation models, fibre inflation provides one concrete realisation of inflation in the vicinity of an asymmetric inflection point. In the next section we briefly review this model, before determining if it is suitably asymmetric to suppress power in Section 4.
Fibre inflation in a nutshell
Fibre inflation is a model of closed string inflation based on geometries of the form
where t i denote 2-cycle volumes, τ i = ∂V/∂t i 4-cycle volumes, λ i the triple intersection
. This is one of the few models of string inflation that yields observable primordial gravitational waves. Here we will briefly describe the inflationary potential and phenomenology associated with this model in the context of the large volume scenario (LVS).
By considering α 3 corrections to the Kähler potential and non-perturbative effects supported on the cycle τ 3 K = −2 log V +ξ 2 and
one can show that a F-term scalar potential gets generated for the Kähler moduli:
This potential admits a LARGE volume vacuum at
Since V LV S depends on τ 1 only through V, the physics that stabilises the volume of the compact space leaves a flat direction in the (τ 1 , τ 2 ) plane. This apparent setback has the interesting consequence of allowing for the creation of a mass hierarchy in the moduli sector of the compactification, which sets the foundations for an inflationary model in the Kähler moduli sector that is effectively a single field. For a more detailed discussion of the mass hierarchy in fibered compactifications see [28, 32] .
At the level of eq. (3.2) τ 1 is exactly massless, however it is known that τ 1 dependent terms in the V can, and in general will, be generated by perturbative corrections to the where
originates from the exchange of closed strings carrying KK momentum between D3 and D7 branes and
arises from exchange of winding strings between D7 branes. Note that in both C W i and C
KK i
are functions of the complex structure moduli. Since complex structure are stabilised at tree level by fluxes, it is reasonable to assume that these subleading terms in their potential will not significantly perturb their vacua.
The scalar potential can be computed as a series expansion in powers of δK,
In what follows we assume a scenario in which the brane setup (which determines the matrices a ij in eqs. (3.6) and (3.7)) is such that the scalar potential is given by
This potential has the double virtue of stabilising the fibre modulus at
and of having a flat plateau suitable for inflation.
In order to study the inflationary dynamics it is crucial to canonically normalise the inflaton field. Recalling that the complexified Kähler moduli are given as T i = τ i + ib i , the kinetic part of the Lagrangian is:
11)
The Kähler metric that follows from Eq. 3.1 is then:
where we kept only the leading order term in the volume expansion for each entry. The mass hierarchy in the Kähler moduli sector explained above allows one to consider the volume and the blow-up cycle as fixed during inflation, simplifying the kinetic term for the fibre modulus to:
It then follows that the canonically normalised field is defined as:
14)
The scalar potential for the canonically normalised fibre modulus is then
potential by adding to it a constant contribution of the same magnitude as its depth at the vacuum, after which it becomes
The inflationary phenomenology of this potential was analysed in [28] , where it was shown to give rise to a sufficiently long period of exponential expansion. The resulting perturbations can be generated at the right scale by adjusting the volume of the compactifications to be V ∼ 10 3 . The spectral index lies in the observationally preferred region n s ∼ 0.96 and the tensor to scalar ratio can be as high as r ∼ 0.005. In this analysis the last term of Eq. (3.16) is assumed to be small enough in the inflationary region as to play no relevant role in it.
It is natural to assume this is the case, since its coefficient is of the order of (g s /V) 2 . Here however we are interested in the possible effects of such a term for the power suppression at large scales, corresponding to the initial stages of the inflationary epoch. We turn to this issue in the next section.
Fast-roll regime in fibre inflation
Expanding φ around the minimum, the scalar potential of fibre inflation reads [28] 
Requiring the post-inflationary minimum to sit at φ = 0 and V (φ = 0) = 0 fixes C 1/2 = 4/3 and C 2 = 1/3. The slow-roll plateau can be than be adjusted by tuning C 1 ∼ g # S , # > 0 small via choosing g S . Accommodating the observed 60 e-folds at n s < 1 requires
We see that the potential always contains an asymmetric inflection point at φ ip determined by two exponentials changing slowest at large φ
The best hope for steepening beyond the 60 e-fold point φ 60 is by having φ 60 = φ ip since for φ > φ ip we have monotonically increasing.
For φ > φ ip consequently the e κφ -term dominates the scalar potential, so we have
Hence, we have n s > 1, at least for a large range of field values φ > φ ip . Therefore, for reasons of comparison with CMB data (observations say n s (φ 60 ) < 1 at more than 5σ) we cannot put φ 60 > φ ip .
We now determine the point φ δ > φ ip where δ > ip has a value such that ∆ 2 R (φ δ ) = δ 100 ∆ 2 R (φ ip ), i.e. the power at φ δ is suppressed to δ % of the power at CMB scales. Using eq. (4.4) we get that
Hence we see that
1 for typical values 10 < δ < 100, and thus potential stays essentially constant between φ ip and φ δ with the decrease in power completely driven by the increase in above φ ip .
To render this effect visible in the low-region of the CMB power spectrum, the fast rolling phase must take place close to horizon exit. It is therefore crucial not only to ensure that the potential is sufficiently steep over the adequate range in field space but also that this region is immediately followed by the 60 e-foldings region of the potential. One should then estimate the number of e-folds elapsing between the regime of suppressed power at φ δ and CMB scales around φ ip and require it to be small. This yields
Using n s 0.94 from the CMB data, limits ip 0.01. Using this conservative value and demanding a suppression of large-scale power to δ%= 50%, we get (using that at the
That is, the regime of power suppression is spread out over too many e-folds and the full desired level of power suppression occurs too early to be visible within the earliest single observable e-fold corresponding to 2 ≤ 40.
We therefore conclude that the positive exponential term in the original fibre inflation example is just not steep enough to provide the necessary rapid power loss of low-. The explanation of this apparent feature of the CMB spectrum requires considerably steeper potentials beyond the 60-efolds point.
Suppressing low-power in fibre inflation
In looking at eq. (4.6) we note a way to cure the problem of the preceding section: if we increase the value of κ in the C 1 e κφ -term in the scalar potential by a factor of a few, then
∼ κ −1 drops accordingly. That is, if we find a setup for fibre inflation with a scalar potential
then repeating the derivation of the last section gives us
Hence, choosingκ 3κ = 2 √ 3 will generate a sufficient amount of CMB power suppression within the first single observable e-fold corresponding to 2 ≤ 40. Recalling the discussion in Section 2, one sees that the relevant term in the scalar potential arose from a string loop term of the form
Hence, the proposed change could arise from a string correction scaling like The effect of different choices ofκ κ is illustrated in figure 2 for 1 ≤κ κ ≤ 30. We have tuned the overall coefficient C 1 such that C 1 eκ φ would always give a negligible contribution to the potential at horizon exit φ = φ 60 .
The effect of steeper exponentials is to move the inflection point towards φ 60 therefore reducing the number of e-foldings between the power suppression region φ δ and the start of inflation. This is illustrated in figure 3 . For the second example we chooseκ = 10κ for the modified loop term, and then set C 1 = 7 × 10 −33 for the same reasons as given above.
We can then solve the scalar field equation of motion of the curvature perturbation evaluated on the numerical solution φ(N e ) within the region corresponding the CMB scales 2 < < 3000 for the two examples. We clearly see that fibre inflation per se does not generate appreciable suppression of power in the first 2 − 3 observable e-folds of inflation, while the modified version withκ = 10κ can generate a sizable and sufficiently rapidly varying lack of power at < 40. an extra constraint on inflationary model building, to be added to the usual discriminants:
Discussion
the spectral index and the tensor-to-scalar ratio.
In this paper we have analysed one such feature that might have been observed in the CMB power spectrum: the lack of power at low-. We have argued that it can be generated by a phase of moderately fast roll immediately preceding the usual slow roll inflationary phase.
We have shown that an asymmetric inflection point is required to model this behaviour and performed a detailed analysis of one such model: fibre inflation.
Fibre inflation's string loop generated potential, even though asymmetric, is not steep enough to successfully suppress power at low-. The reason being that though a power suppression region exists, it is located too far from the slow roll dynamics region, and so the inflationary expansion corresponding to inflaton motion between these two regions will render any initial power suppression unobservable in the CMB.
In an attempt to understand the structure of the potential required to accommodate this feature, we deviate from string derived fibre inflation and introduce a steeper exponential in the potential. By tuning it to be negligible in the inflationary plateau and to quickly dominate for larger φ, we show that such potential can give rise to the desired level of power suppression.
Note added: This paper is submitted simultaneously to the related work [33] .
